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Abstract
This study aims at reducing nitrogen and sulfur oxides contents in oxyfuel exhaust gases by absorption (transfer from 
the gas to the liquid) into acidic solutions containing hydrogen peroxide, producing stable nitric and sulfuric acids in 
the liquid phase. Absorption tests were achieved at 20°C and atmospheric pressure in a laboratory cables-bundle 
contactor (height of 54 cm); a range of partial pressures (600-2000 ppm SO2, 3000 ppm NOx with different NO2/NOx
ratios) and liquid phase concentrations (0-4 mol/l for each acid, 0-1 mol/l for H2O2) was investigated. The effects of 
the different operating parameters were thoroughly studied and discussed. The presence of acids, especially H2SO4, 
has a negative effect on both SO2 and NOx absorption rates, while HNO3 was found to promote the global NOx
absorption, depending on the NO2/NOx ratio. There was no significant CO2 absorption observed during the 
absorption tests. Modelings of SO2 absorption, on the one hand, and of NOx absorption, on the other hand, were
successfully performed using experimental results, allowing the determination of global parameters of absorption 
grouping solubility, diffusivity and kinetic constants, function of acids concentrations and temperature. These original
parameters can be used in the design of industrial columns.
© 2013 The Authors. Published by Elsevier  Ltd.  
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1. Introduction
Three main different technologies can be used to reduce carbon dioxide emissions: post-combustion,
oxy-combustion and pre-combustion. Oxy-combustion leads to high CO2 concentrations in the flue gas,
reduces volumetric flow rates and facilitates therefore downstream treatments to produce carbon dioxide
compatible with transport and sequestration.
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An oxyfuel CO2 purification process is a combination of unit operations (UOp). The major UOp is a 
scrubbing process dedicated to the removal of a large part of acid compounds which are produced inside 
the furnace. Nitrogen oxides NOx (NO, NO2, N2O3 x (SO2 and SO3) can be found 
at variable global concentrations up to 5000 ppm. The absorption process takes place at the first steps of 
the CO2 purification process in order to limit or avoid corrosion problems downstream. An efficient 
simultaneous removal of SOx and NOx is thus economically attractive, and especially if it is more 
environment friendly. 
 
 
Figure 1 - An example of CO2 purification process based on the oxyfuel technology 
This study aims at reducing nitrogen and sulfur oxides contents in exhaust gases by absorption 
(transfer from the gas to the liquid) into acidic solutions containing hydrogen peroxide. This strong 
oxidant has the great advantage of adding only oxygen and water into the system. Nitric and sulfuric acids 
are the reaction products in the liquid phase, naturally acidifying the absorption solution. With the 
operating conditions of hydrogen peroxide depleted by recirculation of the solution in the absorption 
column, the acids sufficiently concentrated can be valorized as industrial acids for instance, or purified as 
pure acids. In this clean technology, no liquid waste needs to be treated before release to the environment, 
as it would be the case when using NaOH or Na2CO3 as reactants in the liquid absorbent, with formation 
of sulfates and nitrates. Moreover, the use of oxido-acidic solutions seems to be very attractive for CO2 
emissions reduction from oxyfuel installations, because the exhaust gases consist in a large proportion of 
carbon dioxide, and alkaline solutions absorb and react with CO2, involving an undesired extra-
consumption of reactant and lower absorption rates for SOx and NOx. 
 
When SO2 is absorbed into a solution containing hydrogen peroxide, sulfuric acid is produced 
following the oxidation reaction (1) which is irreversible and occurs at a finite but high speed.  
 
SO2  +  H2O2    H2SO4 (1) 
 
This oxidation reaction is considered to be globally of second order with respect to the reactants. Quite 
obviously an increase in the H2O2 concentration, reactant added to the liquid phase, enhances the rate of 
reaction (1), resulting in a better SO2 absorption. However, the presence of H2SO4 in the solution, which 
concentrates in the case of a liquid phase recirculation (in order to deplete the reactant H2O2), is 
unfavorable to the SO2 removal, as shown by Thomas et al. (2003)[1]. 
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The concentrations of the various nitrogen oxides species (NO, NO2, N2O3, N2O4) present in the gas 
phase are not independent (reactions 2 and 3) which complicates the global absorption-reaction 
mechanism: 
2 NO2 2O4  (2) 
NO + NO2 2O3 (and in the presence of water NO + NO2 + H2 2) (3) 
3 HNO2 3 + H2O + 2 NO (4) 
HNO2 + H2O2 3 + H2O (5) 
 
The N2O3, N2O4 and HNO2 species are relatively more soluble than NO2 and NO. When absorbed into 
water, NO2, N2O3 and N2O4 undergo hydrolyses, producing nitric acid (HNO3) and nitrous acid (HNO2), 
the latter being decomposed in nitrous oxide NO that desorbs to the gas phase according to reaction (4). 
The addition of hydrogen peroxide to the liquid phase has a dual interest: it prevents the HNO2 
decomposition (4) by an oxidation into HNO3 and enhances the mass transfer rate of the HNO2 formed in 
the gas phase, following reaction (5). It was highlighted that nitric acid enhances the reaction (5) rate 
through an autocatalytic phenomenon, increasing NOx absorption rates for the highest proportions of 
trivalent species (HNO2, N2O3), as already observed in Thomas et al. (1996) [2]. 
 
With the prospect of a simultaneous SOx and NOx capture process, the interest of this work is to 
investigate absorption efficiencies of these compounds in mixed HNO3 + H2SO4 solutions containing 
H2O2, in order to determine specific global parameters grouping thermodynamic and kinetic values and 
characterizing the absorption-reactions of these solutes. 
2. Experimental set-up 
The laboratory installation used for the absorption tests is depicted in Figure 2. The gas-liquid 
contactor is a 54 cm high ring-shaped column made of a vertical glass tube in the axis of which stands a 
polypropylene rod supporting 6 twisted polypropylene cables, constituting the packing. This laboratory 
absorption device is well suited for kinetic studies as its specific surface was well characterized in our 
previous studies and is quite insensitive to the liquid flow rate and to the viscosity. The precise 
dimensions of the contactor and operating conditions are given in Table 1. 
 
Table 1: Contactor dimensions and Operating conditions 
Contactor dimensions  Operating conditions 
Useful height (m) 0.54 
  SO2 NOx 
 yin (ppm) 600-2000 3200 
 OR(%) - 15-98 
Inside diameter (m) 0.045 
 CH2O2(M) 0-1 0-1 
 CHNO3(M) 0-4 0-5 
Diameter of the central rod (m) 0.02 
 CH2SO4(M) 0-4 0-5 
 G (m³/s) 2.45 10-4 1.11 10-4 
Cable diameter (m) 1.7 10-3 
 L (m³/s) 3.13 10-6 4.83 10-6 
 T (K) 293 293 
   yCO2in 90% 
 
The carrier gas (CO2+N2) is humidified preliminary to the addition of gaseous solutes. The gas enters 
the gas-liquid contactor at the bottom, flowing upwards, while the scrubbing solution is fed to the top of 
the column. The liquid is continuously distributed around each cable and a steady flow is set up around 
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the yarns. The liquid and gas feed temperatures are controlled by means of a thermostatic bath. The gas 
composition is analysed continuously, simultaneously at the input and the output of the absorption 
column, by an ultraviolet SO2 analyser (Fisher Rosemount NGA 2000) and a chemiluminescence NO-
NOx analyser (Cosma TOPAZE 3000) allowing the calculation of the SO2 and NOx absorption rates 
(Ai=(yiin-yiout)/yiin) and the NOx oxidation ratio OR=(pNOxin-pNOin)/pNOxin, characterizing the inlet gas 
composition. A two-channel I.R. analyser (Emerson X-stream) gives the CO2 concentration in the gas. 
The liquid absorbent is prepared with dilution and mixing of HNO3, H2SO4 and H2O2 and its analysis is 
performed by means of a total acidity titration, a conductimetric titration of SO42- ions with BaCl2 [3], and 
an iodometric titration method in presence of KI giving the H2O2 concentration. 
 
Figure 2 : Experimental set-up for absorption test runs. 1.Humidification column. 2.Heat exchanger for gas. 3.Cables-bundle 
contactor. 4.Heat exchanger for liquid. 5.Liquid solution tank. 6.Liquid pump. 7.Temperature controlled fluid. 8.Membrane dryers. 
9.SO2 UV analyzer. 10.CO2 IR analyzer. 11.NOx Analyzer. 12.Gas flow control panel.  
3. Results and discussion 
The effects of hydrogen peroxide, sulfuric and nitric acids concentrations and solute(s) partial 
pressure(s) on SO2 absorption efficiencies, on the one hand, and on NOx absorption efficiencies, on the 
other hand, were investigated through absorption tests. In the case of nitrogen oxides, the effect of the 
oxidation ratio OR was also investigated. These effects are shown in Figure 3 (with relative SO2 and NOx 
absorption efficiencies, for which maximal absorption performances into NaOH solutions are used as 
reference) and expressed in the form of t-ratio for each parameter in Figure 4. The t-ratio is defined as the 
ratio between the coefficient, for this parameter, of the linear model explaining the absorption efficiency 
and the standard deviation of this coefficient, assuming a Student distribution. It allows comparable 
orders of magnitude to sort the effects.  
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An increase in the sulfuric acid concentration of the solution reduces the SO2 absorption rate. The 
same influence is observed with the nitric acid concentration. It can be observed, however, that the effect 
of nitric acid is less unfavorable compared to sulfuric acid at the same concentration, which is not 
disadvantageous to the simultaneous SO2-NOx absorption. An increase in the H2O2 concentration can 
increase absorption efficiencies, and compensates thereby the negative effect of acids. 
NO absorption efficiency remains always quite low but a more efficient NOx removal can be noticed 
for higher oxidation ratios. The H2O2 concentration did not show any significant effect on NOx absorption 
rates (as long as the solution contains an excess quantity). Meanwhile, as shown on Figure 3.b for 
intermediate oxidation ratios, the hydrogen peroxide concentration exerts a slight positive effect on NOx 
absorption rates, which is logical according to reaction (5). Increasing HNO3 concentration enhances NOx 
absorption, particularly at intermediate oxidation ratios. Sulfuric acid, meanwhile, shows an overall 
negative effect, which increases at high oxidation ratios. 
For all the experiments achieved in oxido-acidic solutions, it was found that the CO2 absorption rate 
always remained very low (about 0.1%) which is a great advantage over alkaline solutions (Table 2). 
 
 
Figure 3  Effect of different parameters on SO2 (a) and NOx (b) absorption efficiencies. 
 
Figure 4  Effect, expressed as t-ratio, of various parameters on SO2 and NOx absorption efficiencies (a) and on NOx absorption 
efficiencies for several oxidation ratios (b).  
Table 2 - Comparison of mean CO2 absorption rates measured into water, sodium hydroxide solutions and oxido-acidic solutions 
Scrubbing solution Water NaOH 0.5 M Oxido-acidic 
CO2 absorption rate (%) 1.16 1.78 0.21 
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The absorption tests results were interpreted using a numerical model simulating the absorption-reactions 
involved in the column. That includes specific absorption flux expressions, with chemical reactions, 
presented in Table 3 where N2O3* is a fictive compound including trivalent species N2O3 and HNO2 
formed in the gas phase. Mass balances written for each small height incremental volume of the 
absorption column together with liquid and gas plug flows are considered. Details concerning the 
simulation can be found in Colle et al. (2004) [4] for SO2 and Thomas et al. (1997) [5] for NOx. For the 
fast regime condition (Hatta numbers > 3) verified afterwards, this simulation allows the calculation of a 
Global Parameter of Absorption (GPA) for each solute, grouping kinetic constant (k1,A or k2,A), diffusivity 
(DA) and solubility A) (equations 6-9). Since it does not depend on the hydrodynamic 
conditions prevailing in the gas-liquid contactor, this parameter can be used for design and simulation of 
absorption towers operating in the fast chemical regime.  
 
Figure 5  Evolution of GPA (relative values) for SO2 (a), NO2 (b), N2O3* (c) and N2O4 (d) with concentrations of HNO3 and H2SO4 
The calculation of the various GPA is achieved by minimizing the difference between measured and 
calculated absorption rates values and, for NOx, by separating the experimental results in two sets for a 
same scrubbing solution: one set relative to high OR values (>85%), where GPANO2 and GPAN2O4 are 
optimized using the grid method, and the other set relative to the overall OR range, for which the optimal 
GPAN2O3* is sought using GPANO2 and GPAN2O4 values previously determined. Figure 5 presents relative 
values of the GPA deduced for each solute (all the relative GPAA values are equal to unity for CHNO3 = 
CH2SO4 = 0M). A regression was derived from the GPA values as a polynomial function of sulfuric and 
nitric acids concentrations. The variation of experimental values around the response surface is 
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satisfactory: R²SO2 = 0.85 (a), R²N2O3* = 0.87 (c) and R²N2O4 = 0.85 (d). The regression is less precise for 
NO2 (parameter R²NO2 = 0.56) due to a lower sensibility of the function.  
Except for N2O3* (Fig. 5.b), each GPA value decreases while increasing the acid concentrations. This 
decrease, due to the rise of the ionic strength of the solution, was observed by various authors 
(Weisweiler et al., 1987 [6], Suchak et al., 1991 [7]). It is also related to the variation of physicochemical 
properties in electrolyte solutions. The higher effect of sulfuric acid on the SO2 absorption is probably 
explained by the fact that H2SO4 is a product of the reaction (1). The positive influence of acids on the 
absorption of the N2O3* species in the presence of H2O2 can be justified by the acidic catalysis of reaction 
(5). 
 
Table 3: Expressions of NOx and SO2 absorption fluxes and global parameters of absorption (GPA)  
Solute A Mechanism Order with 
respect to 
the solute 
Absorption Rate RA 
 
NO2 
 
N2O4 
 
N2O3* 
 
SO2 
 
Limiting 
hydrolyses  
H2O 
 
 
 
Reaction (1) 
H2O2 
 
 
2 
 
1 
 
1 
 
1 
5.1 
22
. iNONO pGPA with 
3
2 2222 3
2
NONO,NONO /HDkGPA        (6) 
i
ONON pGPA 4242 . with 42424242 /1 ONONO,NON HDkGPA          (7) 
i
ONON pGPA 3232 .* with 32323232 /*1* ONONO,NON HDkGPA      (8) 
i
SO
L
OHSO pCGPA 2222 .. with 2222 /,2 SOSOSOSO HDkGPA      (9) 
 
 
Figure 6  Contribution of NO, NO2, N2O3* and N2O4 to the NOx absorption into two oxido-acidic solutions (yNOx=3000 ppm). 
 
 
Figure 6 illustrates the influences of the oxidation ratio and acids concentrations on the calculated 
relative contributions of the various NOx species to the overall absorption into aqueous solutions 
containing H2O2, for a total NOx concentration of 3000 ppm. These were computed from the local 
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individual fluxes by summing up the relative partial pressure differences obtained at the ends of all 
elementary volumes of the column. 
A comparison of the GPA values of NO2, N2O3* and N2O4 we deduced for CHNO3=CH2SO4=0 and at 
20°C with literature values relative to 15 and 25°C is presented in Figure 7, giving an evidence of 
consistent results. 
 
 
Figure 7  Comparison of the Global Parameter of Absorption of NO2 (mol/m².s.Pa1.5), N2O3* and N2O4 (mol/m².s.Pa) at 
CHNO3=CH2SO4=0 with values from literature.  
 
4. Conclusion 
In order to reduce simultaneously nitrogen and sulfur oxides contained in flue gases, an original 
absorption technique is there proposed consisting in a scrubbing process using aqueous acidic solutions in 
the advantageous presence of hydrogen peroxide which oxidizes irreversibly NOx and SO2 in HNO3 and 
H2SO4. In comparison with alkaline reactants, this technique presents the advantage of no extra-
consumption of the reactant H2O2 as the CO2 present in the gas phase is only slightly absorbed.  
Absorption tests have been performed in a cables-bundle contactor, operating at 293 K and 1 atm, for SO2 
concentrations up to 2000 ppm and NOx concentrations of about 3000 ppm, with aqueous solutions 
containing sulfuric and nitric acids, up to 4 mol/l each, containing hydrogen peroxide. While the presence 
of acids, especially H2SO4, has a negative effect on SO2 and NOx absorption rates, it was found that 
HNO3 has positive influence on NOx performances for intermediate oxidation ratios only. 
Modelings of SO2 absorption, on the one hand, and of NOx absorption, on the other hand, were 
successfully performed using experimental results, allowing, for each compound, the determination of 
global parameters of absorption (GPA) that are function of nitric and sulfuric acids concentrations and 
temperature but do not depend on the hydrodynamic conditions of the absorption process. The GPA can 
therefore be quite easily and adequately used for the design of absorption towers applying a simultaneous 
desulfurization and denitrification process and operating in the fast chemical regime.  
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